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ment	 frontiers,	 where	 most	 biodiversity	 and	 carbon	 loss	 occurs,	 carbon-	based	
policies	are	increasingly	driven	by	commodity	certification	schemes,	which	are	ap-
plied	at	the	concession	level.
2.	 Working	 in	a	 typical	human-	modified	 landscape	 in	Southeast	Asia,	we	examined	
the	 biodiversity	 value	 of	 land	 prioritised	 via	 application	 of	 REDD+	 or	 the	 High	





3.	 At	 the	community	 level,	HCS	 forest	 supported	comparable	mammal	diversity	 to	
control	sites	in	continuous	forest,	while	lower	carbon	strata	exhibited	reduced	spe-
cies	occupancy.
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1  | INTRODUCTION








The	 potential	 economic	 and	 social	 benefits	 associated	 with	 oil	
palm	 (Potter,	2015)	contrast	with	severe	and	well-	documented	eco-
logical	 impacts.	Conversion	of	forest	to	oil	palm	plantation	results	in	
major	 biodiversity	 decline,	 which	 disproportionately	 affects	 forest	
specialists	 and	 species	 of	 conservation	 concern,	 resulting	 in	 assem-
blages	 dominated	 by	 disturbance-	tolerant	 generalists	 (Fitzherbert	










et	al.,	 2011).	 However,	 in	 practice,	 the	 designation	 of	 conservation	
set-	asides	 can	 be	 hindered	 by	 agricultural	 profitability,	with	 income	
exceeding	 US$11,240/ha	 over	 a	 25	year	 growing	 cycle	 (Fisher,	
Edwards,	Giam,	&	Wilcove,	2011).	Thus,	conservation	efforts	seeking	
to	preserve	 forest	within	plantations	may	be	more	 successful	when	
economic	 incentives	 are	 provided	 to	 offset	 the	 opportunity	 costs	
associated	with	 foregoing	development.	Amongst	 several	mitigation	
tools	available,	two	incentive-	driven	policies	based	on	carbon	stocks	





change,	 aims	 to	 compensate	 stakeholders	 in	 developing	 nations	 for	
conservation	 initiatives	 and	 sustainable	 management	 practices	 that	
protect	and	restore	the	carbon	sequestered	by	forests	(Venter	&	Koh,	















REDD+	 is	 largely	 implemented	 at	 sub-	national	 levels.	While	 an	
increasing	number	of	studies	are	recognising	the	importance	of	fine-	







cies	 data	 are	widely	 underrepresented	 in	 the	 co-	benefits	 literature	




localised	 extirpation	 due	 to	 anthropogenic	 pressure	 (Harrison	 et	al.,	
2016).	Despite	statistical	advances	that	account	for	imperfect	detec-
tion	 in	 biodiversity	 indices	 (Royle	&	Dorazio,	 2008),	 these	methods	
have	 received	 relatively	 limited	 application	 in	 a	 co-	benefits	 context	
(but	see	Gilroy	et	al.,	2014;	Sollmann	et	al.,	2017),	resulting	in	possible	
underestimates	 of	 species	 assemblages.	 Consequently,	 biodiversity	





5.	 Policy implications.	Our	work	 confirms	 the	potential	 for	 environmental	 certification	
and	Reducing	Emissions	from	Deforestation	and	forest	Degradation	to	work	in	tan-
dem	 with	 conservation	 to	 mitigate	 agricultural	 impacts	 on	 tropical	 forest	 carbon	
stocks	and	biodiversity.	Successful	implementation	of	both	approaches	could	be	used	
to	direct	development	to	low	carbon,	low	biodiversity	areas	in	tropical	countries.
K E Y W O R D S
agriculture,	Borneo,	camera-trapping,	certification,	High	Carbon	Stock,	land-use	planning,	
mammals,	occupancy	modelling,	oil	palm,	REDD+

























five	 oil	 palm	 producing	 countries	 (G.	 Rosoman,	 unpubl.	 data).	 As	 a	
model	scheme,	the	successful	integration	of	the	HCS	Approach	within	
the	RSPO	framework	may	encourage	uptake	across	other	certifiable	
















assess	 the	 potential	 for	 REDD+	 to	 deliver	 biodiversity	 co-	benefits	
using	primary	and	high-	resolution	data	sources.	To	assess	the	influ-




blages	 than	 simple	 species	 counts.	Our	work	 evaluates	 the	 extent	
to	which	 policy	 options	 that	 attach	 greater	 economic	 significance	
to	 conservation	 protect	 vulnerable	 tropical	 forests	 and	 safeguard	
biodiversity.




safeproject.net)	 and	 surrounding	 plantations	 in	 Kalabakan	 Forest	
Reserve,	 Sabah,	 Malaysian	 Borneo	 (4°46′N,	 116°57′	 E;	 Figure	1).	
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2.2 | HCS classification and validation
The	 HCS	 Approach	 uses	 high-	resolution	 remotely-	sensed	 images	
to	stratify	concessions	 into	six	vegetation	classes,	each	with	unique	
structural	 characteristics	 (in	 descending	 order	 of	 carbon	 value):	 (1)	
“High	Density	Forest”;	(2)	“Medium	Density	Forest”;	(3)	“Low	Density	
Forest”;	 (4)	“Young	Regenerating	Forest”;	 (5)	“Scrub”;	and	 (6)	“Open	
































by	 a	mean	distance	of	1.4	km	and	distributed	 across	 an	elevational	
gradient	 (M	=	376	 m.a.s.l.;	 range	=	64–735	 m.a.s.l.).	 Accounting	 for	




“Oil	 Palm	 Plantation”)	 for	 comparative	 purposes.	 As	 the	 extent	


























In	 the	 context	of	occupancy,	 this	means	 that	 true	 absences	 can	be	
differentiated	from	non-	detection	by	explicitly	defining	models	for	oc-
currence	and	detection.














of	 a	 species	 across	 sampling	 sites	does	not	 affect	 species	detection	
probabilities	pi,j,k	(Royle	&	Dorazio,	2008).
Occurrence	 and	 detection	 models	 for	 individual	 species	 were	
linked	 via	 a	 hierarchical	 component	 that	 modelled	 regression	 coef-
ficients	as	 realisations	 from	a	common	community-	level	distribution	
with	 (hyper)parameters.	 Under	 this	 approach,	 species	 are	 assumed	
to	 respond	 to	 environmental	 conditions	 in	 a	 similar,	 but	 not	 identi-
cal,	manner.	Derived	species	estimates	are,	therefore,	a	compromise	
between	 individual	 response	and	 the	average	 response	of	 the	com-
munity.	This	results	in	shrinkage	(the	borrowing	of	information	by	in-
dividuals	across	 the	community),	which	has	been	shown	to	 improve	
estimation	precision,	 particularly	 for	 rare	or	 elusive	 species	 that	 are	
infrequently	detected	during	surveys	(Pacifici,	Zipkin,	Collazo,	Irizarry,	
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&	DeWan,	2014).	We	report	(hyper)parameters	to	provide	an	indica-
tion	of	community-	level	responses	to	covariates.





Model 1 logit(ψi,j)	═ μ(i)HCS	Class(j)
logit(pi,j,k)	═ υ(i)HCS	Class(j)








Occupancy	 and	 detection	 probabilities	 were	 modelled	 with	
intercepts	 on	 the	 logit	 scale,	 specific	 for	 each	 species	 and	 HCS	
class	 (Model	 1).	 Continuous	 measures	 of	 carbon,	 including	 qua-
dratic	 terms,	were	 incorporated	 into	occurrence	models	 alongside	
species-	specific	 intercepts	 to	 determine	 the	 potential	 for	 REDD+	
to	 deliver	 biodiversity	 co-	benefits	 (Models	 2	 and	 3).	 These	 car-







to	 model	 HCS,	 CC1000	 and	 CC25	 separately	 due	 to	 strong	 evi-
dence	of	collinearity	between	these	variables	(|r| ≥ 0.7).	Continuous	
carbon	 and	HCS	 covariates	were	 calculated	 as	 average	values	 ex-
tracted	 from	 a	 100	m	 buffer	 (c.	 3.1	ha	 area)	 around	 each	 camera	
location.	Covariates	were	centred	and	standardised	prior	to	analysis.	
We	 found	 no	 evidence	 of	 spatial	 autocorrelation	 in	 the	 detection	
dataset	 (Moran’s	 I	=	0.08	≤	p	≤	.92),	 indicating	that	assumptions	of	
independence	in	occupancy	modelling	were	met	(Royle	&	Dorazio,	
2008).




Dorazio,	 and	Link	 (2007).	Predicted	 species	 richness	was	 calculated	
for	each	camera	location	allowing	for	post	hoc	comparison	between	
HCS	classes.
We	 compared	mammal	 richness	 between	HCS	 classes	 using	 a	






directly	 from	 a	 single	model,	 but	 this	 resulted	 in	 lower	 precision.	
Since	 land-	use	 change	 disproportionately	 affects	 species	 of	 con-
servation	 concern	 and	 disturbance-	sensitive	 forest	 specialists,	we	
report	our	findings	for:	(1)	all	species;	(2)	threatened	species	(IUCN	
red-	listed	 as	 vulnerable,	 endangered	 or	 critically	 endangered);	 (3)	
non-	threatened	 species	 (IUCN	 least	 concern	 or	 near-	threatened);	
(4)	 disturbance-	sensitive	 species	 (listed	 as	 medium-	high	 sensitiv-
ity	 according	 to	Wilson	et	al.,	 2010),	 and;	 (5)	 disturbance-	tolerant	
species	(low	sensitivity;	see	Appendix	S3	for	species-	specific	group	
assignment).
2.6 | Biodiversity co- benefits of REDD+









All	 analyses	were	conducted	 in	WinBUGS	version	1.4.3	 through	
r	 version	 3.3.0	 using	 the	 package	 “R2WinBUGS”	 (Sturtz,	 Ligges,	 &	
Gelman,	 2005);	 see	Appendix	 S4	 for	 further	 information	 on	 model	
specification	 and	 predictive	 performance	 checks.	 A	 list	 of	 datasets	
used	for	analysis	is	provided	in	the	Data	Sources	section.
3  | RESULTS
Camera-	trapping	 yielded	 3,237	 independent	 capture	 events	 of	 28	
species,	comprising	24	genera	distributed	across	16	families.	In	con-
trast,	our	models	predicted	30.6	species	across	 the	 landscape	 (95%	
Bayesian	 Credible	 Interval,	 BCI	=	28.0–37.0),	 suggesting	 that	 few	
mammal	species	were	missed	by	our	sampling.	The	effect	of	 imper-
fect	detection	was	more	pronounced	at	the	camera-	trap	level,	where	
predicted	 richness	was	 consistently	 greater	 than	 observed	 richness	
(M	=	4.35,	range	=	0.02–12.26).




parameters	 revealed	 comparable	 estimates	 of	mean	 occupancy	 be-
tween	Continuous	Logged	Forest	(M	=	0.49,	BCI	=	0.32–0.63),	Dense	
Forest	 (0.36,	 0.17–0.60)	 and	 Developed	 Land	 (0.32,	 0.12–0.56).	
However,	 community	 occupancy	 was	 low	 in	 Young	 Regenerating	
Forest	(0.23,	0.11–0.45)	and	Oil	Palm	plantation	(0.05,	0.01–0.31).
Our	models	demonstrated	species-	specific	associations	with	HCS	
classes	 (Figure	2).	 For	 example,	 occupancy	 estimates	 indicate	 that	
Sus barbatus	 Müller	 (bearded	 pig)	 and	 Macaca nemestrina	 Linnaeus	
6  |    Journal of Applied Ecology DEERE Et al.
(southern	 pig-	tailed	macaque)	were	 common	 in	 Continuous	 Logged	
Forest	 (S. barbatus:	0.71,	0.53–0.85;	M. nemestrina:	0.71,	0.53-	0.86)	
and	Dense	Forest	 (S. barbatus:	0.74,	0.53–0.90;	M. nemestrina:	0.74,	
0.52–0.92),	with	occupancy	of	M. nemestrina	also	high	in	Developed	




which	 were	 threatened	 taxa	 (Figure	2e).	 Species-	specific	 detection	
summaries	for	the	HCS	model	are	available	in	Appendix	S5.3.
Extremes	 in	 predicted	 species	 richness	were	 identified	 between	
the	 reference	 habitat	 classes	 (Figure	3);	 Continuous	 Logged	 Forest	
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the	 global-	 and	 local-	scale	 maps	 corresponded	 broadly	 with	 bio-
mass	values	derived	from	field	inventories	(N =	164;	rs =	0.55	global;	




(see	Appendix	 S5.4/S5.6).	 Species-	specific	 detection	 summaries	 for	
the	continuous	carbon	models	are	available	in	Appendix	S5.5/S5.7.
Grain-	dependency	between	the	association	of	carbon	and	mam-
mal	 richness	was	 evident.	Using	 global	 carbon	data,	 no	 relationship	
between	 the	 two	 variables	was	 apparent,	 regardless	 of	 the	 species	
grouping	 (Figure	4a,c,e).	However,	at	 the	 local-	scale,	positive	associ-
ations	with	 carbon	were	 identified	 for	 threatened	 and	 disturbance-	
sensitive	 species	 (Figure	4d,f).	This	 trend	was	 not	 consistent	 across	




mental	 to	 our	 understanding	 of	whether	 carbon-	based	 policies	 can	
deliver	 positive	 results	 for	 conservation	 in	 human-	modified	 land-








4.1 | Contribution of the HCS approach to 
biodiversity conservation
When	 evaluating	 community-	level	 responses	 to	 HCS	 classes,	
we	 found	 comparable	 levels	 of	 mammalian	 occupancy	 between	
Continuous	Logged	Forest,	Developed	Land	and	Dense	Forest,	while	
occupancy	was	reduced	in	Young	Regenerating	Forest	and	Oil	Palm.	
Occupancy	 can	 be	 a	 viable	 surrogate	 for	 abundance	 under	 certain	
conditions	 (Efford	 &	 Dawson,	 2012).	 Our	 results	 could	 therefore	
suggest	 the	 persistence	 of	 certain	mammal	 species	 at	 lower	 densi-
ties	 within	 carbon-	poor	 classes,	 which	 confirms	 previous	 reports	
of	 reduced	 mammalian	 abundance	 in	 impoverished	 forest	 habitats	
(Bicknell,	Struebig,	Edwards,	&	Davies,	2014).
Occupancy	and	species	richness	estimates	for	 the	total	mammal	














malian	 communities,	 comprised	 of	 few	 generalist	 species	 occurring	
at	 low	densities	 (Wearn	et	al.,	2016;	Yue,	Brodie,	Zipkin,	&	Bernard,	
2015).	While	our	data	generally	conform	to	the	pattern	of	declining	
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lation	 and	 connectivity)	 on	 biodiversity	 in	 our	 analyses,	 it	warrants	
further	consideration	as	the	HCS	Approach	gains	traction	across	the	
agricultural	sector.





















Our	detailed	 landscape	appraisal	 is	the	first	to	 identify	biodiver-
sity	 co-	benefits	 for	mammals,	 a	 taxonomic	group	 that	occupies	key	
trophic	positions	in	tropical	forest	ecosystems	and	is	frequently	prior-
itised	by	conservation.	Previous	studies	have	proved	less	convincing.	
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contribute	 to	 national	 and	 regional	 spatial	 planning	 initiatives	 that	
mitigate	the	effects	of	environmental	change	on	tropical	biodiversity	
by	 promoting	 connectivity	 in	 human-	modified	 landscapes	 (Struebig	
et	al.,	2015).












such	 as	 Young	 Regenerating	 Forest	 might,	 therefore,	 end	 up	 being	
earmarked	 for	 conversion	 rather	 than	conservation	 in	 some	circum-




specific	 carbon	 threshold	 for	 delineating	 forest	 has	 proved	 conten-
tious,	Pirker	et	al.	(2016)	demonstrated	that	protecting	areas	exceed-
ing	100	t	C/ha	would	safeguard	73%	of	the	climatically	suitable	area	
for	 oil	 palm	 expansion.	 Ultimately,	 compromise	 begets	 progression,	




4.4 | Implications for REDD+ implementation
The	 considerable	 enthusiasm	 for	 biodiversity	 co-	benefits	 often	 ob-
scures	 the	 fact	 that	 REDD+	 is	 fundamentally	 a	 carbon-	orientated	
mechanism	with	 limited	 scope	 for	 increasing	 biodiversity	 conserva-
tion	(Venter,	Hovani,	Bode,	&	Possingham,	2013).	While	we	provide	
further	evidence	to	verify	biodiversity	co-	benefits	in	human-	modified	
landscapes,	 it	 is	 unlikely	 that	REDD+	will	 be	 economically	 viable	 in	
carbon-	poor	 environments.	 Given	 current	 economic	 pressures	 and	




levels	 of	 biodiversity	 (Edwards	 et	al.,2014).	 Conservationists	 must	
ensure	 that	 safeguards	 are	 in	 place	 to	 support	 vulnerable	 species	
in	disturbed	habitats	 that	 fall	 beyond	 the	 remit	of	 carbon-	financing	
mechanisms.
The	viability	of	REDD+	 in	human-	modified	 landscapes	 is	 further	
hindered	by	the	profitability	of	oil	palm.	Under	current	voluntary	mar-
kets,	 avoided	 deforestation	 through	 REDD+	was	 found	 to	 have	 an	
opportunity	 cost	of	$3,221–8,636	ha−1	over	a	30-	year	period	when	








to	 mitigate	 the	 effects	 of	 agricultural	 expansion	 on	 tropical	 forest	
carbon	stocks	and	biodiversity.	REDD+	is	well	placed	if	 it	prioritises	
large	tracts	of	contiguous	forest,	especially	if	commitments	to	carbon	
stock	 enhancement	 safeguard	 degraded	 forest	 of	 biological	 value.	
Certification	schemes,	coupled	with	 land-	use	planning	tools	such	as	
HCS,	 can	 help	 secure	 sizeable	 forest	 patches	 of	 high	 conservation	
value	in	agricultural	estates,	and	offer	a	further	safeguard	to	minimise	
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